The physical origin of the Broad Line Region in Active Galactic Nuclei is still unclear despite many years of observational studies. The reason is that the region is unresolved and the reverberation mapping results imply complex velocity field. We adopt a theory-motivated approach to identify the principal mechanism responsible for this complex phenomenon. We consider the possibility that the role of dust is essential. We assume that the local radiation pressure acting on the dust in the accretion disk atmosphere launches the outflow of material, but higher above the disk the irradiation from the central parts cause the dust evaporation and a subsequent fall back. This failed radiatively accelerated dusty outflow (FRADO) is expected to represent the material forming low ionization lines. In this paper we formulate simple analytical equations describing the cloud motion, including the evaporation phase. The model is fully described just by the basic parameters: black hole mass, accretion rate, black hole spin and the viewing angle. We study how the spectral line generic profiles correspond to this dynamics. We show that the virial factor calculated from our model strongly depends on the black hole mass in case of enhanced dust opacity, and thus it then correlates with the line width. This could explain why the virial factor measured in galaxies with pseudo-bulges differs from that obtained from objects with classical bulges although the trend predicted by the current version of the model is opposite to the observed trend.
INTRODUCTION
The formation of the Broad Line Region (BLR) in active galaxies is not well understood and most likely a number of mechanisms are involved, taking into account the extension of the BLR and large differences in the physical conditions in its various parts. From the point of view of the emitted lines it is generally divided into a Low Ionization Line (LIL) part and a High Ionization Line (HIL) part (Collin-Souffrin et al. 1986) . In the present paper we concentrate on the LIL part as the lines emitted there, like Hβ and Mg II, are likely to come from the material roughly in Keplerian motion and are considered to constitute a relatively reliable tool for the black hole mass measurement.
The emitted lines are strong so the BLR must be able to intercept a significant fraction of the central radiation and the required covering factor is high. On the other hand, clouds are rarely seen in absorption which hints that the cloud distribution is significantly flattened (e.g. Collin et al. 2006; Gaskell 2009 ). This may suggest that the BLR is physically related to the underlying accretion disk although this relation is not firmly established. The relation between the disk and the BLR is supported by the disappearance of the BLR at very low luminosities (e.g. Czerny et al. 2004; Balmaverde & Capetti 2015 , and the references therein). On the other hand, successful phenomenological models assume that the clouds are seen both above and below the equatorial plane without the disk blocking the view (e.g. Pancoast et al. 2011; Li et al. 2013; Pancoast et al. 2014) , with the material either inflowing or on elliptical orbits.
Parametric models can fit the data, but they do not explain why the emitting material behaves in the required way. In this paper we follow a physically motivated approach which is based on a failed dust driven wind from the accretion disk atmosphere.
Accretion disk winds as models of the BLR have been discussed for many years. Those models can be roughly divided into magnetic winds (Emmering et al. 1992) , linedriven winds (Murray et al. 1995) and dust-driven winds. The last option was usually used to mimic the dusty molecular torus (Wada 2012) . However, dust can exist in the shielded accretion disk atmosphere much closer than in the dusty torus. Such a disk forms a failed wind, since the radiation support due to the dust disappears as soon as the clouds rise high above the disk and become irradiated by the central source. The preliminary version of such a Failed Radiatively Accelerated Dusty Outflow (FRADO) model reproduces the location of the LIL BLR known from reverberation mapping (Peterson et al. 2004; Bentz et al. 2009 Bentz et al. , 2013 without any need of an arbitrary constant and predicts the scaling of the BLR size with just the square root of the monochromatic flux, for all values of accretion rates, black hole masses and spins (Czerny & Hryniewicz 2011; Czerny et al. 2015 Czerny et al. , 2016 .
The advantage of the FRADO model is that it firmly predicts the inner as well as the outer radius of the BLR, with the inner radius set by the accretion disk effective temperature equal to the sublimation temperature, and the outer radius is set by the condition that the dust can survive even if it is fully exposed to irradiation by the central parts. The wind in this model is launched only by the local radiation pressure from the disk since if the material is exposed to the nuclear emission the dust would be destroyed. It is not clear if this local radiation pressure is strong enough to raise the material above the disk. We thus analyse in this paper whether indeed the FRADO model provides a suitable scenario for the dynamics of the LIL BLR.
THE DYNAMICS OF THE CLOUDS IN THE FRADO MODEL
We formulate a simple local model of the dynamics of the BLR clouds assuming a plane-parallel approximation. This allows us to obtain an analytical solution for cloud motion above the accretion disk surface at the given radius, including the effect of radiation pressure acting on the cloud whenever dust is still present, and a subsequent dustless cloud motion after dust evaporation.
The medium close to the accretion disk atmosphere or above it is predominantly in Keplerian motion. However, it might also be the subject of vertical motion if the forces in the vertical direction do not balance. Here we consider only the local situation at a given radius r, in the plane-parallel approximation, ignoring the effect of radiation coming from other disk radii. In the absence of a global magnetic field the forces acting on the plasma are the vertical component of the gravity and the radiation pressure from the disk:
where M is the black hole mass, v is the plasma velocity perpendicular to the disk, κ is the wavelength-averaged effective opacity, z is the coordinate measured from the disk equatorial plane, and F rad is the radiation flux from the disk. Our equations are then different from the 1-D approximation of a radial wind frequently used to describe the later stages of the wind (e.g. Dyda et al. 2017) . The opacity weakly depends on the plasma properties if the source of opacity is electron scattering or dust scattering/absorption. Here we have in mind low temperatures, below the dust sublimation radius, so in this case the dust dominates the opacity. Further we assume, for simplicity, that κ is a constant.
The hydrostatic equlibrium at the disk surface (z = H disk ) requires:
If this expression is combined with the expression for the local disk flux in a Shakura-Sunyaev disk (Shakura & Sunyaev 1973) , with the inner boundary condition neglected
it leads to an expression for the disk thickness
which is independent from the radius but proportional to the accretion rate. This value is identical to the expression for the disk thickness in Shakura-Sunyaev disk model if the disk is dominated by radiation pressure and the inner boundary condition is neglected. Such a simplified analysis provides the hydrostatic equilibrium and does not lead to any wind from the disk. More precise analysis of the dust-supported torus structure in equilibrium has been studied for example by Krolik (2007) .
Outflow appears if the description of the disk outer layers is more precise, like in the case of the line-driven outflows (e.g. Proga et al. 2000) . In the simplest approach we can say that in the disk interior we use the Rosseland mean, κ R while in the disk atmosphere, when calculating the radiation pressure, we should use the Planck mean, κ P , where the two quantities are defined in the following way (Mihalas 1978) :
where B ν is the Planck function and u ν its derivative with respect to the temperature, u ν = ∂B ν (T )/∂T . This approximation for the description of the radiation pressure acting on dusty layer is valid if the dusty shell is optically thick (see e.g. Wachter et al. 2008) , i.e. the optical thickness of a dusty cloud is above 1. The difference between these two quantities drives the outflow, thus at the disk surface we have:
and in general:
where ζ = z − H disk is the distance measured from the disk surface. If both κ P and κ R are constant, this equation can be easily integrated analytically to get:
and
where:
so the time evolution is described as oscillations between ζ = 0 and ζ = 2H disk (κ P /κ R − 1) with the local Keplerian period. This behavior is very different from the case of stellar winds where the gravity gets weaker as the wind rises up. In the case of a disk geometry this could in principle happen when the coordinate z becomes comparable to r. However, here we use the approximation of z much lower than r. Equations 9 and 10 describe the motion under the condition that the opacity does not change. However, high above the disk, the plasma becomes exposed to irradiation by the central source. We ignore the dynamical effect of the additional radial pressure gradient, but we take into account the destruction of the dust grains. The phases of motion upward above the disk plane and downward toward the disk become in this case asymmetric. We now consider the case when the dust evaporates at the time moment t 0 , when the cloud position ζ 0 , and its velocity v 0 are set by:
But now the equations governing the cloud motion change to:
which leads to the analytical solution:
where λ = κ P /κ R − 1. The highest point reached by the cloud is thus reduced and the amount of reduction depends on the phase of the motion when the dust evaporates. The inner radius of the BLR within the FRADO model is given by the condition that the effective temperature is equal to the dust sublimation temperature:
so the final expression for the inner radius is
The height above the disk where the dust evaporates is set by ζ evap , and at R in ζ evap = 0. In general, we thus formulate the condition for the dust evaporation:
where the central luminosity is given by the accretion rate and the accretion efficiency, η, as L central = ηṀ c 2 , and the local flux is defined by Eq. 3. Here we assume that the central radiation comes from a flat accretion disk, thus it is anisotropic, with a ∝ cos θ dependence on the angle between the symmetry axis and direction towards the cloud, which introduces the factor ζ/r. This gives us an explicit expression for the height where the dust evaporation takes place:
where r g = GM/c 2 is the gravitational radius. The expression is of course valid only for ζ evap << r. The evaporation height ζ evap rises rapidly with distance from the black hole. When it is larger than the height of the clouds pushed up by the local radiation pressure there is no evaporation effect. We thus have a complex three zone structure in the cloud region, illustrated in the Fig. 1 . In zone C both the rising and falling clouds contain dust and their up and down velocities are the same. In zone B the clouds are dustless and the up and down velocity is again the same. In zone A the up and down velocities are different, since the rising clouds contain dust and the falling clouds do not contain dust. Thus, overall, the motion is not symmetric.
The outer radius of the BLR or the inner radius of the dusty/molecular torus is set by the condition that ζ evap = r, i.e. the dust survives irradiation by the central parts even if the radiation is spherically symmetric. In general, this is a non-linear equation most easily solved through numerical methods:
but usually the second term on the right hand side is small so it is possible to use an approximate expression
Using the last expression, we can derive approximate ratio of the two radii
so the BLR becomes narrower for large black hole masses. The dependence on the accretion rate is weaker, with the rise of the accretion rate whole BLR moves towards larger distances from the black hole.
EMISSION LINE PROFILES
The conversion of the cloud dynamics into motion of individual clouds cannot be done analytically. Still, we keep the scenario as simple as possible, with the aim not to introduce new arbitrary parameters. We introduce a fixed 3-D grid of identical clouds. We use 800 points in the radial direction, and 1500 points in the azimuthal direction. At each (r,φ) location a fixed number of 800 clouds is used to sample the vertical motion. We do that uniformly in cloud rise plus fall time. Next, we need a relative normalization of the emission from individual clouds to the total spectrum. First, we assume that only the central flux contributes to the line production. This is justified since the local disk emission is mostly in the near-IR band. We assume that the central source is anisotropic (see also Eq. 17), it is located at height equal to the disk thickness, H disk , and the incident flux thus scales with cloud height as (z − H disk )/r. We assume that all clouds are identical, so the amount of central flux available to the clouds at a given radius scales as drdφ/r 2 , with the factor 1/r 2 accounting for the dilution of the central flux. This again seems justified if the total optical depth of the cloud distribution is constant as a function of radius. Combining this with the central flux anisotropy we assume the cloud emissivity in the form of (z − H disk )drdφ/r 3 . We do not discuss the proportionality constant which, in principle, would provide the covering factor since the model is still in early test phase. Second, we do not take into account that clouds in the outer part of the BLR can be shielded by the innermost clouds. This likely leads to over-estimation of the role of the outer part of the BLR and may cause lines to appear narrower. However, the proper computations of the single cloud contribution with the self-shielding included would require first an ad hoc assumption of the cloud size as a function of radius and vertical height, and then complex modelling of the shielding. Thus the advantage of our modeling is the simplicity, with reasonable scaling of the different BLR clouds to the total emission but the disadvantage is that we do not predict the covering factor of the BLR as a function of the global parameters. We will have to address this issue in the future.
Clouds are then viewed by an observer at the inclination angle i with respect to the symmetry axis. Since we consider clouds which are optically thick, we take into consideration the Moon-type effect as for example in Goad et al. (2012) , so only a part of the cloud facing the central source is illuminated by the central source and emits the radiation. This gives an additional flux weight to a single cloud emissivity located at (r,z):
where z S is the central source height (in our model we assume z S = H disk ). In the present model we assume that a constant fraction of the incident radiation from the central source is changed into line emission. In principle we should calculate the line emissivity using, for example, the code cloudy, which allows us to take into account the effect of dust on the line formation efficiency (see e.g. Adhikari et al. 2016 , and the references therein). However, this would require specification of the local density and column density as a function of cloud position which would lead to a multi-parameter complex model. We thus develop a simple universal model for all lines, neglecting the effect of the actual line formation efficiency. On the other hand, we describe the dynamics of the clouds consistently with the FRADO model, and we concentrate on the study of the line profiles which result from such a picture. The local emission is set as a delta function, and the observed line wavelength from a given cloud is given by its radial velocity with respect to the observer. We employ an approximation to Doppler (special relativity) shift and the gravitational (general relativity) shift of the spectral-line energy, i.e., the change of observed vs. intrinsically emitted (rest-frame) wavelength, g ≡ E obs /E em . This allows us to capture the effect of line splitting into two horns due to fast, predominantly orbital motion of the emitting material. We do not include the complete treatment of these effects, which become important only very close to the black hole, at a distance of tens of gravitational radii. In particular, the adopted approximation neglects the relativistic change of the radiation intensity in the line (factor g 3 ; Laor 1991), which means that the height of the red wing of an emission line is the same as the height of the blue wing. Whereas the radial component of the motion causes the broadening and the split of the observed line shape, the transverse Doppler shift and the gravitational shift produce an overall redshift of the line towards lower energy (g < 1; Karas et al. 1992) . Also, the effect of light bending contributes to the variation of the observed flux if the source orbital plane is at high inclination with respect to the observer. However, the latter effects become negligible at distance above several tens r g , so we do not need to take them into account within the level of accuracy and sophistication of our basic model.
In our picture only clouds above the disk contribute to the line emission; clouds forming at the other disk side are shielded by the disk from the observer.
The model parameters are: the black hole mass, M , the accretion rate,Ṁ , accretion efficiency, η (or spin), and the viewing angle, i. For convenience, we frequently use the dimensionless accretion rate,ṁ, defined asṀ /Ṁ Edd , where L Edd = ηṀ Edd c 2 . The additional physical parameters are: the dust sublimation temperature, T dust , and the Planck mean opacity, κ P . We set the last two quantities at 1500 K and 8 cm 2 g −1 in most models but we check the sensitivity of the results to those two parameters as well. We thus neglect the gas opacity which is small (∼ 2 × 10 −4 cm 2 g −1 , Bowen 1988, see also Schirrmacher et al. 2003) . The Rosseland and Planck mean were discussed by Semenov et al. (2003) , and our adopted value is somewhat larger than recommended close to the sublimation temperature. We discuss this issue later on.
RESULTS
The FRADO model predicts the motion of the clouds within the BLR. This dust-driven motion, due to dust evaporation at high altitudes, shows clear asymmetry between the rise and fall. The exemplary plot of the elevation of a single cloud as a function of time is shown in Fig. 2 . In particular, the rise starts with zero velocity but the cloud falls back with non-zero velocity, hitting the disk surface. Since the cloud spends more time on the rising part while the fall back is more rapid, the net effect would imitate an outflow, although the material does not leave the region. We now calculate the line profiles for a grid of models. We fix the accretion efficiency η at 0.1, the dust temperature T dust at 1500 K, as appropriate for carbon grains (Sharp & Wasserburg 1995; Duschl et al. 1996; Henning & Semenov 2013) , and adopt κ R = 2 cm 2 g −1 , κ P = 8 cm 2 g −1 (Semenov et al. 2003) . The grid covers a range of masses from 10 6 M to 10 10 M in logarithmic step. The considered range of accretion rates is appropriate for bright AGN, with the dimensionless accretion rate between 0.01 and 1.0, also logarithmically spaced. We do not consider accretion rates lower than 0.01 since in case of low luminosity AGN the inner Advection-Dominated Accretion Flow (ADAF) can remove the part of the innermost BLR (see e.g. Czerny et al. 2004) , which would require a specific adjustment of the model. For the viewing angles, we take values from 5 to 60 deg, representative for type 1 AGN not obscured by the dusty molecular torus. The left panel in Fig. 3 presents the influence of the accretion rate, the middle panel shows the effect of the black hole mass change, and the right panel illustrates the dependence on the inclination angle.
The lines are clearly narrower when the Eddington ratio is higher, in concordance with the generally accepted trend. Nearby type 1 AGN are divided into Narrow Line Seyfert 1 (NLS1) galaxies and Seyfert 1 galaxies, as introduced by Osterbrock & Pogge (1985) . NLS1 have narrower lines and they are also higher Eddington ratio sources (Boroson & Green 1992; Pounds et al. 1995; Grupe 2004; Du et al. 2016) . The dependence on the black hole mass is also consistent with the observed trends. Seyfert galaxies are divided into NLS1 and BL S1 at the Full Width Half Maximum (FWHM) of 2000 km s −1 , but the corresponding division in quasars into type A and type B is done at the higher line width, 4000 km s −1 (Sulentic et al. 2000) . Typical black hole masses of Seyfert galaxies are ∼ 10 7 M while quasar masses are closer to 10 9 M . According to our model, an increase in the black hole mass by a factor of 100 leads to an increase of the FWHM by a factor 2.0 forṁ = 1.0. This change does not simply result just from the shift of the BLR but reflects the overall change in the region: its relative extension (R out /R in ) drops from 30 down to 14 with an increase of the black hole mass.
However, there are two major problems in our basic model: the predicted lines are too dominated by the disklike shape and the rise of the material above the disk surface is not high enough, even in the sources at the high Eddington ratio.
The first problem is most likely related to the simplified treatment of the emissivity. Wind models having elements of the radiative transfer show single-peaked lines (Murray et al. 1995; . The second problem may be more difficult to reconcile with our present scenario.
In the case of 10 7 M , the vertical coordinate saturates at 6.7 × 10 14 cm, and the maximum z/r ratio is only about 0.006. The vertical velocity is also a small fraction of the local Keplerian speed. In the case of larger black holes this ratio is higher, at 0.05, but still small. The radiation force acting on dusty clouds that comes from the disk below is not strong enough, unless the accretion disk is highly super-Eddington, and we already noticed this difficulty previously, even assuming a very simple model (Czerny et al. 2015) . If we calculate a highly Eddington model, for a large black hole mass, then the gas reaches higher altitudes, but the lines become narrower as the BLR moves out. The line becomes asymmetric as in this case the vertical velocities are almost comparable to the Keplerian velocity and the motion asymmetry illustrated in Fig. 2 becomes important.
FWHM/σ trends
The important parameter of the line shape is the ratio of the FWHM to the dispersion σ (Collin et al. 2006) . We thus calculated a sequence of models illustrating the dependence of this ratio on the accretion rate, viewing angle and the black hole mass for two cases of the Planck opacity. The results are plotted in Fig. 4 . We do not predict a strong dependence of that ratio on accretion rate, unless the accretion rate approaches the Eddington ratio, or inclination, apart from the smallest inclinations below 20 deg. There is a weak dependence of the line shape on the black hole mass despite systematic trend in the BLR extension in our model. If we fix the dimensionless accretion rate, the ratio of the outer to the inner radius varies with mass. For example, forṁ = 0.6, R out /R in = 100 for 3 × 10 5 M and 20 for 3 × 10 6 M . The range of accretion rates used in the computations is smaller, but also the dependence of the BLR extension is weaker than given by Eq. 10 of Czerny & Hryniewicz (2011) since we now use the condition of ζ evap = r in Eq. 18 to get the BLR outer radius instead of a simple condition based just on the bolometric luminosity. This weak dependence on BLR extension is caused by the fact that for low black hole masses the contribution of the outermost part of the BLR to the line flux is lower than in the case of large black hole mass, which compensates shrinking full size of the BLR with black hole mass.
The mean value is higher than the typical values in the observed samples. For example, the sample in Peterson et al. (2004) has the ratio 2.03 ± 0.59. This is because the lines are slightly too narrow in the basic version of the model.
Virial factor
The understanding of the motion of the BLR clouds is essential for black hole mass measurement. Classical description of a spherically symmetric cloud distribution in purely Keplerian motion gave an analytic value of the virial factor of √ 3/2 (e.g. Kaspi et al. 2000) , but flattening of the BLR and likely outflows imply some departure from this simple picture. Therefore, usually the virial factor is based on some external scaling. However, models of the BLR dynamics can provide those factors. As shown by Kashi et al. (2013) , magneto-centrifugal winds can lead to considerable departures from rotationally supported cloud motion while radiation pressure driven winds preserve the angular momentum, accelerate slowly, and are roughly virialized. Specific wind models were also discussed by Yong et al. (2016) , and gave constraints consistent with the results of Pancoast et al. (2014) obtained from modeling the reverberation measured sources.
Our model does not contain any free parameters, if the dust sublimation temperature and opacities are fixed. The FRADO model contains information about the inner radius of the BLR, the black hole mass and the FWHM of the line for a given viewing angle. This allows us to calculate the virial factor from the model:
Obtained values are slightly larger than generally adopted (see e.g. Du et al. 2017 , and the references therein), since there is not much emission very close to the R in region itself. The current model is purely stationary, and we do not yet predict the effective radius, which would be measured by observing the delay of the line. The best current estimate based on the M − σ * relation is f σ = 4.82 ± 1.67 (Batiste et al. 2017 ) but values of f F W HM are roughly by a factor of 4 smaller due to typically factor of 2 difference between FWHM and σ in line measurement. The model does not predict strong dependence of the virial factor on the black hole mass or accretion rate since the departure from the Keplerian motion is not strong. However, the viewing angle is clearly important because of the mostly Keplerian character of the motion. From the observational point of view it is more convenient to express this dependence of the virial factor on the measured line parameter, FWHM. We plot the result in the right panel of Fig. 5 . Again, the dependence on the black hole mass and accretion rate is weak but of course the inclination angle plays an important role.
Line dependence on the adopted model parameters
The lines resulting from our basic models are always double-peaked. Double-peaked profiles are a characteristic signature of the line formation from a planar distribution of the line-emitting material in orbital motion (e.g., Eracleous & Halpern 1994; Karas et al. 1992) , and low Eddington ratio sources show such a structure in their lines.
However, observations show that high Eddington ratio sources have rather single-peaked lines, which is not reproduced in the basic version of our model. Also the line kinematic width is generally too narrow in our models, FWHM reaches 7 000 km s −1 for black hole mass 10 7 M , accretion rateṁ = 0.01 and inclination 45 deg, and only in the case of the highest black hole masses in excess of 10 9 M the line width approaches 10 000 km s −1 for a representative accretion rate for distant quasarsṁ = 0.1 and the same viewing angle. Also the predicted covering factor measured by the predicted maximum vertical extension of the cloud distribution is certainly too small as indicated by Fig. 2 . Our model formally does not have free parameters, but it is nevertheless based on some numerical values adopted in the model. We thus study the sensitivity of the line profiles on the basic model assumptions.
4.4.1. Dust sublimation temperature Fig. 4 .-The dependence of the ratio of FWHM to σ on the accretion rate, the viewing angle and the black hole mass for κ P = 8 (the blue points) and κ P = 800 (the red points). For the reference, we choose a black hole of mass 3 × 10 7 M , accretion rateṁ = 0.1, and viewing angle 30 • . The dust sublimation temperature is strongly dependent on the dust chemical composition and the dust particle size. The value adopted in our basic model seems to be representative (Kobayashi et al. 2011; Mor & Netzer 2012) . On the other hand, stars forming the dust efficiently in their winds generally have higher effective temperatures than the dust sublimation temperature as the dust actually forms at a larger radius than the location of the stellar photosphere. The effective temperatures of AGB stars forming dust set around 2800 K (e.g. Freytag et al. 2017) . The dust formation mechanism in those stars requires stellar pulsations and time-dependent temperature above the photosphere. This condition might be fullfilled in the case of AGN disks since accretion disk instabilities (ionization instability, e.g. Janiuk & Czerny 2011, and self-gravitational instability, e.g. Wang et al. 2011 ) may lead to local disk variability. Thus we decided to vary the dust evaporation temperature over a physically reasonable range in our model computations. In Fig. 6 ,left panel, we show an example of the line profile for black hole mass 10 7 M ,ṁ = 0.6 and i = 45
• , for two values of the dust sublimation temperature: 1500 K (standard value) and 3000 K. The line is clearly broader (in our example FWHM increased by a factor of 1.8), but the double-peaked structure is more visible even for an Eddington ratio of 0.6. Thus the increase in the dust sublimation temperature does not fully solve the problem. However, it is important to notice that in the FRADO model the determination of the black hole mass based on the measurement of the FWHM would depend on the precise value of the maximum dust temperature.
Planck opacity and cloud optical depth
The dust opacity used in our basic model is determined highly inaccurately. First, the dust properties depend on the dust composition and dust grain sizes. Secondly, if the dust-gas coupling is not strong enough, some separation into dusty and dustless material can take place, with the dusty material being then the subject of much stronger acceleration. Thirdly, if the dusty material is optically thick, then not just the radiation momentum, but also the radiation energy can be used for the acceleration of the material, which would mimic much larger dust opacity. Therefore, we explore the dependence on the dust opacity is a very broad parameter range.
Two examples of the line profile obtained from such an approach are shown in the middle panel of Fig. 6 . For κ P = 8000 cm 2 g −1 , the height of the BLR clouds is comparable to the radial distance. This allows them to intercept a significant fraction of the photons from the central region and produce a strong emission line. The line becomes single-peaked like typical quasar lines, although the line is still not very broad. Further increase of κ P leads to a vertical cloud speed much larger than the Keplerian speed and the height z much larger than r. The clouds in our solution would still fall back because of the approximation to the gravitational potential we use. Thus this kind of solution is clearly unphysical, as in this case clouds would form a wind, instead of a failed wind, therefore the equations of motion must be modified and our analytical solution cannot be used.
In Fig. 7 we show the decomposition of the line profile in the case of an increased κ P into contributions from the inner, middle and outer parts of the BLR, chosen as logarithmic steps in radius. The overall line shape lost its double-peak character due to the large vertical ve- locities in the inner and middle parts of the BLR while still preserving the double-peak character in the outermost region where velocities are small even for a such high value of the Planck mean. The overall line shape resembles more the typical lines in Narrow Line Seyfert 1 galaxies. However, the overall shape is better represented by a single Gaussian than by a single Lorentzian, the wings of the line not being broad enough to give the Lorentzian shape. The picture also shows that the emission comes in equal proportions from all three zones, so the flux-weighted emission comes not from the inner part of the BLR, but from the logarithmic mean between the inner and the outer radius. This is why the best fit of the dust temperature to the BLR distance measured from the reverberation is only 900 K instead of 1500 K, or more. This also explains why the ratio of the outer to inner radius of the BLR in our model is much higher (factor 30 or more) than the measured ratio between the BLR size and the dusty-molecular torus size (about 5, Koshida et al. 2014) , and the virial factor calculated on the basis of R in is too high. This figure also illustrates the importance of the proper accounting for the contribution from different parts of the BLR. If the contribution of the outermost region is neglected, the FWHM of the line gets as high as 3000 km s −1 for high accretion rate case and 6000 km s −1 for low accretion rate case for the adopted mass of 10 7 M . Lines are even broader for larger black hole masses. We thus see that to explain well the covering factor and the line width in the future we need more careful modeling of the radiation pressure as well as of the relative contribution of the different parts of the BLR to the final profile.
The enhancement of the dust opacity increases the role of the vertical velocity strongly affects the line shape and the value of the predicted virial factor. The line wings are now better developed, and the typical values of the FWHM/σ become comparable to the observed values (see Fig. 5 ). Now the model predicts the dependence of the factor on the black hole mass (see Fig. 5, left panel) . Therefore, using the same factor for Seyfert galaxies and massive quasars may lead to a systematic error by a factor of 2.
The scaling of the virial factor with the black hole mass and the measured FWHM has very interesting consequences. It may solve the puzzling result regarding the dependence of the measured virial factor on the type of the host galaxy. Ho & Kim (2014) showed that the virial factor measured in galaxies with bulges and with pseudobulges differ by a factor of ∼ 2. From their Fig. 1 we see that those systems actually differ with respect to the mean value of the FWHM, AGN in pseudo-bulges have on average narrower emission lines and smaller masses. Our correlation resulting from the FRADO model shows that some correlation of the virial factor with the bulge type is expected. However, the trend predicted by the analytical version of FRADO model goes in the opposite direction: virial factor is expected to be lower, not higher, for galaxies with pseudo-bulges. It remains to be seen whether the improved, numerical version of the model would reverse this trend. Also the values of the virial factor now become too large because of larger contributions from outer parts of the BLR, which is against the required trend. It indicates that the increase in the dust opacity has to be combined with some other effects to obtain the agreement with the observed line properties.
Dust suppression of the line emission
It is generally accepted that the presence of the dust suppresses the line emissivity, as demonstrated in a seminal paper by Netzer & Laor (1993) , where they showed that the separation between the BLR and the NLR is caused by the dust intercepting ionizing photons. On the other hand, this effect strongly depends on the dust properties, the local density of the cloud and on the shape of the incident continuum, so the effect is not always present (see e.g. Adhikari et al. 2016) . In our basic model we considered the line emissivity as independent from the presence or absence of the dust. In this section we check whether the line profile is significantly modified when the dusty clouds do not emit the line. The result is shown in Fig. 6 , right panel. The removal of the emission from the dusty clouds leads to a broader but disk-like shape for typical values of the model parameters. This trend does not bring the model closer to the observed line shapes. The line asymmetry is not well visible, since the Keplerian velocity dominates.
Isotropic central source
The cloud dynamics has been obtained under the assumption that the central flux comes from a flat inner disk and shows the linear dependence on the cosine of the inclination angle. However, in the classical wind papers spherically symmetric central flux has been adopted (e.g. Murray et al. 1995) . To test the sensitivity of the line profile on the adopted symmetry we calculated exemplary line shape under assumption of spherically symmetric central flux, without z/r factor included. This example is shown in Fig. 6 , right panel. The line has now better developed wings since part of the emission comes from the innermost region of the BLR, but the overall FWHM is narrower for the same values of all the other parameters, since the emissivity is then more spread across the whole BLR. For isotropic central source, with no shielding of outer clouds by inner clouds and under assumption of equal cloud number at each radius the line emissivity is evenly spread due to the drop of the central flux with radius as r −2 and an increase in the emitting area as r 2 from logarithmic bins in radius. This type of emissivity also leads to strong dependence of the virial factor on black hole mass even for standard value of the dust opacity since emissivity is less concentrated around R in .
EXEMPLARY APPLICATION OF THE FRADO MODEL TO QUASAR CTS C30.10
In order to assess more quantitatively the shortcomings of the present simple analytical model, we compare the model to an exemplary emission line shape.
The Quasar CTS C30.10 has been monitored by the Southern African Large Telescope (SALT) since 2012 in the spectral band of Mg II λ2800Å. The shape of the spectrum does not seem to change (Modzelewska et al. 2014) , and the amplitude changes are moderate (Sredzinska et al., in preparation). We thus combined 17 spectra of that quasar collected in the period from December 2012 to December 2016 to obtain a single average spectrum. The mean quasar magnitude in the V band is 17.067, so the monochromatic flux at 3000Å in the quasar rest frame is 46.083 (Koz lowski 2015) for the adopted source redshift z = 0.90052 and the cosmological parameters H 0 = 70 km s −1 Mpc −1 , Ω mat = 0.28 and Ω Λ = 0.72. For the black hole mass and the Eddington ratio we adopt the values from Table 4 of Modzelewska et al. (2014) , based on Kong et al. (2006) formulae and a single component fit: M = 2.4 × 10 9 M , L bol /L Edd = 0.6. The object has a typical value of the FWHM of ∼ 6000 km s −1 , and no clear double symmetric profile, so in order to fit the FRADO model to this data we must adopt higher values of the Planck mean opacity than in the standard model, as discussed in Sect. 4.4.2. We use values of the black hole mass M = 2.4 × 10 9 M and the accretion rateṁ = 0.6 from Modzelewska et al. (2014) and the inclination angle of 45 deg. The results are shown in Fig. 8 .
The main part of the Mg II line is well reproduced by our model, it even well represents the line asymmetry, which is usually modeled as a second independent component. However, the model does not reproduce well the Lorentzian tail on the red wing of the line. Our solution gives the inner radius of the BLR, according to our model, of 6.4 × 10 17 cm, which is just a little smaller than the 7.6 × 10 17 cm implied by the Bentz et al. (2013) formula, assuming 0.17 dex difference between the logarithm of the monochromatic flux at 3000Å and 5100 A.
DISCUSSION
We tested here the FRADO model of the formation of the BLR. The model in its basic form does not have free parameters. Nevertheless, it reproduces well the position of the BLR measured through reverberation method , and it correctly predicts the typical .10 (blue curve) after we allowed for an artificially increased dust opacity κ P = 1200 cm 2 g −1 . The model reproduces well the line core, including the second blue component characteristic for type B quasars, but it does not predict the red Lorentzian tail.
ratios of the FWHM to σ characterizing the line profile. It also allows us to calculate the virial factor usually needed to obtain the black hole mass from the line delay and the line width (Peterson et al. 2004) . We show at the basis of the FRADO model that this factor depends on the black hole mass in the case of enhanced opacity which explains the puzzling dependence of the virial factor on the type of the host galaxy discovered by Ho & Kim (2014) . This suggests that the FRADO is a viable mechanism for the formation of the LIL part of the BLR. However, further improvements of the model are needed to ameliorate the current simplified analytical scheme. We hope that those improvements will bring the model closer to the real properties of the BLR.
Dust opacity issue
The model in its basic form, with a realistic value of the opacity for an optically thin dust, does not lift the material high enough to expose it to the illumination by the central source. This is the most serious problem of the current model. An efficient rise of the material takes place only if we increase artificially the dust opacity in the IR. The question arises whether the dust-driven wind cannot form due to the 'z' component of gravity rising with the distance from the equatorial plane or the model description is too approximate. If the available radiative force acting on dust is indeed not strong enough to create the BLR with large covering factor then other solutions (line driven wind, magnetically driven wind or disk instabilities) must play the dominant role. However, the fact that dust driven wind is efficient in the case of stars, and the location of the BLR based on dust driven wind is appropriate, makes a good motivation for further pursuing the model.
The description of the dynamics used here is purely local, the initial velocity of the material is zero and the driving force must come locally from the underlying accretion disk. Only after the initial rise is the matter is exposed to the radiation from the central source. Thus, if the plasma does not reach higher elevations, it is a serious problem for the description of the opacity. The question thus arises whether the outer disk does not produce enough energy for considerable initial lift of the material, or we do not use it efficiently enough in the current model. Stellar winds are usually constrained by the amount of momentum carried by radiation. If this approach is adopted in the case of an accretion disk wind, the maximum allowed local outflow rate is rather low at large distances from the black hole:
whereṀ z is the mass loss from the disk per unit disk surface area. At distances corresponding to the BLR, the amount of material which can be lifted by the radiation momentum is very small. However, if multiple scatterings are allowed and the whole energy can be transferred to the outflow, the situation changes and most of the material can be removed in the form of a wind:
Here we assumed that the wind terminal velocity is equal to the local escape velocity which is characteristic for cool stars (e.g. Lamers et al. 1995) . This shows that the amount of energy is certainly high enough to push the material up, but it cannot be done using the optically thin approximation for the radiative transfer. Therefore, the approximate treatment of the opacity in our basic model is not at the core of the problem. We need an increase of the radiation pressure by a large factor.
To illustrate this effect we plot the maximum height reached by the clouds as a function of radius for four values of the Planck mean (see Fig. 9 ). This height rises for small radii and finally saturates at constant value, where the dust evaporation does not happen. We see that for the largest value of the Planck mean the saturation does not appear. To reach the height of the radius ratio of 0.3 (and the BLR covering factor of 0.3) we need an opacity of 800 for the adopted black hole mass and the accretion rate. This is not simple to achieve. Recent paper discussing the dusty cloud acceleration in the context of starburst galaxies ) performed the radiative transfer computations for both optically thin and optically thick clouds, and they find that the acceleration efficiency actually drops with the rise of the optical depth of the cloud. However, wind calculations in AGB stars require much more complex approach, with stellar pulsations playing a key role. The terminal velocities are very low, of order of 50 km s −1 (see Tashibu et al. 2017 , for a grid of wind models) although the gravity at the stellar surface is similar to the gravity in AGN at BLR, so the escape velocity is thousands of km s −1 .
6.2. Self-shielding in the cloud distribution We consider the current description of the individual cloud input to the line profile as the second basic limitation of the analytical model. At present, the cloud height and the shielding of outer clouds by inner clouds is not included. This is an important effect. As we showed in Fig. 7 , lower contribution of the outermost BLR creates much broader emission lines. In this paper we did not attempt to take those effects into account since we believe that we first need an improvement of the description of the radiation pressure acting on dusty clouds as a function of radius. With that at hand, we can model -in the future -the amount of radiation intercepted by the specific cloud self-consistently. This would require supplementing the current description with the cloud size distribution. We could try ad-hoc parametric models or more physically motivated estimates based on thermal instabilities. Current model does not require this information (see Sect. 3), hence it is indeed very simple.
Outflow
As we already mentioned in Sec. 6.1 (see also Sec. 4.4.2), assumption of an optically thin dust (the opacity given by the Planck mean) leads to a disk-like shape of the emission line due to too small a vertical velocity. By drastically increasing the opacity we can push the material high enough. Then, close to the radial position of the maximum in ζ max /r, our assumptions of small height breaks down. The gravity for z > r/ √ 2 starts to decrease with height and the outflow easily forms. As was shown already by Murray et al. (1995) the material does not necessarily escape the system; clouds follow elliptical orbits and fall back towards the disk at a smaller radii. Such a motion cannot be calculated analytically within the frame of our model, but in the future numerical computations of those orbits can be done. Those highest velocity clouds are missing in our analytical model and they will likely provide the Lorentzian wings to the lines.
6.4. Disk height and z/r < 1 approximation In the analysis above we treated the description of the disk thickness in an approximate way and we explicitly assumed that the cloud motion above the disk can be approximated assuming z/r << 1. We thus checked if those approximations are correct.
As for the disk thickness, we used the disk model which describes the vertical structure of a Keplerian disk taking into account the radiative transfer with opacities and the convective vertical transfer as described in Różańska et al. (1999) and with the disk self-gravity effects included (for more details on the model description, see Czerny et al. (2016) ). We plotted the ratio of the disk thickness to the disk radius as a function of the radius normalized to the outer edge of BLR, R out (see Fig. 10 . We see that the disk itself is geometrically thin in its outer parts. The computations of the disk structure do not cover all the formation region of the BLR, since in that region the effects of self-gravity are too strong to use the standard marginally-self-gravitating disk model. This is a serious problem for the description of the accretion disk there, as was discussed in Czerny et al. (2016) , and perhaps the magnetic field plays an important role in this region, or indeed the disk inflow is much faster than in the standard disks and starburst activity plays a dominant role (see e.g., Collin & Zahn 1999; Thompson et al. 2005; Wang et al. 2011) . If the disk itself is indeed considerably puffed-up, outflow formation would became easier. Fig. 9 .-The ratio of the maximum height of the clouds to the current disk radius for the Planck opacity κ P in units cm 2 g −1 equal 8 (blue), 800 (black), 2500 (green) and 8000 (red) for a black hole mass 3 × 10 7 M and accretion rateṁ = 0.6. Small values of opacity (optically thin dust) lead to a small rise of the clouds and an extremely small covering factor, too high values are not consistent with the assumption z << r. The outflow and non-local phenomena are most likely at the position where ζmax reaches the highest value. Fig. 10.- The ratio of the disk thickness to the radius calculated from a realistic model of the disk structure, including the proper description of the opacity and the self-gravity effects for three values of the black hole mass (3 × 10 5 M , the green dots; 3 × 10 7 M , the red dots; 3 × 10 9 M , the blue dots) and the Eddington accretion rate. The disk is thick only in the innermost region and in the BLR region the disk is geometrically thin.
6.5. Non-local radiation pressure In the current picture we neglected the dynamical role of the radiation pressure that comes from other disk radii, in particular coming from the central source. On one hand, this allowed us to get an analytical solution but, on the other hand, this is a serious negligence of the current model. As the clouds rise up, this non-local radiation pressure component becomes increasingly important. If there is no shielding effect, the radiation pressure from the disk central parts dominate at height ζ > 1.5r g /η and pushes the material radially. On the other hand, the need for shielding of the outer BLR has been argued by numerous authors in the past (Boksenberg & Netzer 1977; Murray et al. 1995; Gallagher 2008; Gaskell 2009; Maiolino et al. 2010) , and the accretion disk selfshielding is also important in this aspect (Czerny & Elvis 1987; Wang et al. 2014) , which may imply that the assumption used currently in our paper affects the solutions in a less severe way than implied by the constraint above. Accretion disk thickness is a complex function of the radius since various cooling processes operate in the disk, and the proper determination of the shielding would require computing the location of the disk atmosphere (e.g. Hryniewicz et al. 2012; Różańska et al. 2014; Adhikari et al. 2016) . Clearly, the numerical computations of the cloud dynamics are needed, at least at the level represented by QWIND (Risaliti & Elvis 2010) , or, preferentially, combining full dynamical computations with a radiative transfer (e.g. Namekata & Umemura 2016).
Lorentzian profiles
The current model usually gives a double peak disklike profiles. Single peak skewed profile, or even twocomponent profiles (see Fig. 8 ) can be obtained if we allow for strong cloud acceleration due to the dust pressure. However, we cannot reproduce a single Lorentzian shape yet within our scheme, despite the Lorentzian shape being frequently favored for NLS1s and for a fraction of quasars. It has been argued in the past that Lorentzian shapes are naturally explained by the case of emission from an extended accretion disk (Véron-Cetty et al. 2001; Sulentic et al. 2002 ). In our model the emitting region is extended, but nevertheless we do not find broad Lorentzian wings. The Lorentzian shape was modeled in the past by introducing a turbulent motion in outer part of the disk (Goad et al. 2012) . Our model, due to the mixture of inflow and outflow, contains this element, but apparently this is not enough, and we still need locally higher cloud velocities. Perhaps, if we include the real outflow option, this would solve the problem. In the case of supernovae, Lorentzian emission lines are also observed and they are argued to come from optically thick winds with the wings forming in the shocked cold gas and enhanced due to multiple scattering (Chugai et al. 2004) . If so, this would imply the proper radiative transfer computations are necessary.
6.7. Dissipation of the cloud kinetic energy The FRADO picture of the BLR formation implies that clouds move both up and down, which leads to collisions between the clouds as well as collisions between the clouds and the disk surface. This effect is ignored in the current model and it would affect both the thermal conditions and the velocity field. The cloud-cloud collisions can give the effect of turbulence, additionally broadening the line profiles. The heat dissipation effect is much more complicated. If the fall-back of the clouds heats the disk surface considerably, dust formation may be temporarily suppressed until the disk cools down, which could result in a strongly time-dependent process, at least in the innermost region of the BLR.
6.8. Physics of the stellar dust-driven winds The physics of the dust driven winds have been broadly studied in the case of asymptotic giant branch (AGB) stars. The most important aspect of those studies is the conclusion that a stationary wind model cannot explain the observed strong dusty outflow. The key element of any such stellar wind model is the inclusion of the stellar pulsations. Those pulsations temporarily lift the material up to the lower gravity region, cool it and lead also to creation of strong shocks. The dust condensation takes place at a considerable height above the stellar surface and only there can the radiation pressure lead to a massive outflow (e.g. Schirrmacher et al. 2003; Liljegren et al. 2016) .
The time-dependent aspect can be important for AGN outflows as well. As already shown by and Freytag et al. (2017) for a line-driven wind, strong variability of the AGN continuum helps to increase the cloud acceleration efficiency. However, it requires the variability to happen on timescales longer than the local thermal timescale. Whether the conditions in the outer parts of the disk are likely to satisfy those conditions should be studied in the future.
Alternative mechanisms for rising up BLR material
If the FRADO model in the more advanced formulation fails to produce the BLR with a large covering factor caused by the material present high above the disk, then it will be indeed necessary to apply supporting mechanisms or alternatives. The FRADO model neglects other mechanisms, which can support or even replace the radiation pressure force acting on dust. The HIL part formation of the BLR is clearly driven by line pressure, and some line pressure can work also in the LIL part. The disk atmosphere is also likely magnetized, the dominant role of the magnetic field has been discussed in a number of BLR and dusty torus models (e.g. Dorodnitsyn & Kallman 2017) . Another aspect is the interaction of the stars and the accretion disk -stars passing through the disk can lead to disk disturbances (e.g. Vilkoviskij & Czerny 2002) , with disk material tracing the stars and possibly giving the effect of the BLR Zurek et al. (1994) ; Karas &Šubr (2001) . Also, it has been argued that the effect of dust charging helps to levitate grains above the equatorial plane, thus counter-acting the collapsing role of self-gravity in magnetized disks and tori (Kovář et al. 2011; Trova et al. 2016) . Finally, the role of self-gravity in the outer disk is not clear (Laor & Netzer 1989; Collin & Zahn 1999) , and it might also contribute to pushing some material out of the equatorial plane (Wang et al. 2011; Hopkins et al. 2012; Czerny et al. 2016) . The processes happening in the outer part of an accretion disk are thus complex, but we think that the FRADO model catches the most important properties of the LIL BLR and forms an interesting starting point for the future studies.
CONCLUSIONS
The FRADO model based on radiation pressure acting on the dusty disk atmosphere has considerable predictive power. The model depends only on the global parameters of an active nucleus and the viewing angle. The model
• uniquely predicts the inner and the outer radius of the BLR
• gives the line profile asymmetry due to the dust evaporation in the failed wind
• gives the line shape parameter F W HM/σ consistent with the data
• predicts the dependence of the virial factor on the black hole mass.
Further developments are still necessary in the description of the radiation pressure to reproduce well the BLR covering factor, and to provide more realistic line shapes.
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